Abstract-The evaluation and selection of a turbine blade material involves several x-abilities and attributes. A designer should consider lifecycle issues as well as design and manufacturing strategies simultaneously at conceptual design stage without missing any of the information. In the proposed methodology the comparison is made between different turbine blade materials based on different x-abilities and attributes. The proposed methodology compares the materials using concurrent engineering approach and multi attribute decision making approach (MADM). In the concurrent engineering approach four x-abilities namely quality, manufacturing, environment and cost are considered. To maintain uniformity attributes considered in MADM approach are same as concurrent engineering approach. Both the methodologies show that ST12TE is the best material for turbine blade for the given set of attributes and x-abilities.
I. INTRODUCTION
A number of blades are used in steam turbines ranging from a few centimeters in height in high pressure (HP) turbines to almost one meter long low pressure (LP) turbines. The failure causes for HP and LP turbines are high cyclic fatigue caused by number of factors, centrifugal forces, steady and dynamic stresses, fracture propagation etc. The best way of avoiding these failures is by thorough inspection of raw material and defect free manufacturing of turbine blades. In general, high alloy steels with high chromium content are used for manufacturing of turbine blades. The machinability of these materials is poor and therefore these components are invariably produced by shell-mould-investment casting route directly as net-shaped products. Achieving dimensional accuracy is one of the main challenges of investment casting, on account of shrinkage allowances. Hence, turbine blades are machined using turning, milling and finishing operations. There are different types of blade profiles available. This paper is focused on CNC turning of a specific blade shown in Fig. 1 .
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parameters, surface roughness, environmental effect, material removal rate, blade profile, corrosion resistance, and fatigue strength etc. is a difficult task for the manufacturing industry. Industries require a mathematical tool for the selection of a material for the CNC turning operation. There are several reports in the literature regarding the selection of a specific material for a given application. Sandstorm [1] suggested a two stage selection procedure which includes discriminating and optimizing stages to minimize the number of quality decisions. Ashby [2] proposed material property charts for mechanical and thermal properties, which defines the correlation between the properties in the selection of materials. Rao [3] has proposed a graph theory and matrix algebra based approach in selection of a material for a particular application. In one of the attempts [4] , a material selection procedure was suggested based on the combination of two methods. To the best of my knowledge, turbine blade material selection procedure specific to CNC turning is lacking in the literature.
Albiñana and Vila [5] proposed a framework for integrated materials and process selection in product design. Following an in-depth review of existing studies and the factors that influence decision-making, the flow of reasoning in the process was defined and the relations among the parameters of the whole life cycle to be considered in the conceptual design phase were established. This analysis was then used to define a workflow that breaks the work down into stages and gates, and specified how the preliminary selection was to be performed.
Turbine blades (Fig. 1) are highly stressed components, demanding very precise manufacturing methods. The blade shafts are finish turned on a CNC lathe to obtain accurate profiles and the required surface finish. The dimensional accuracy of the blades and the radius joining at the intersections of two surfaces should be smooth and without under cuts.
During the design phase of turbine blades, it is desirable to have a single numerical index for evaluation of manufacturing.
The derivation of this numerical index, known as concurrent design index (CDI) this has been presented in the previous work [6] . Based on this concept, the CDI was derived for evaluation of the turning process for three different materials (ST 17-4PH, ST 12TE, and ST T17/13W) used in the manufacturing of turbine blades. In deriving this CDI, different x-abilities like design for manufacturing (DFM), design for quality (DFQ), design for environment (DFE) and Design for cost (DFC) were used. In the next part a 3-stage selection procedure is described for the decision-making process which is presented in selection of different application [7] . TOPSIS (technique for order preference by similarity to ideal solution)-an MADM tool as well as graphical methods, namely line graph and spider graph, are used in quality evaluation of materials by considering all responsible attributes in totality. The methodology is applied in quality evaluation and selection of turbine blade material for the CNC turning process.
II. X-ABILITIES BASED ANALYSIS
In evaluation, comparison and selection of a turbine blade material for CNC turning process different x-abilities should be considered simultaneously. The x-abilities considered in the present study are design for manufacturing(DFM), design for quality (DFQ), design for environment (DFE), and design for cost (DFC) discussed as follows.
A. Design for Manufacturing (DFM)
Machining is the most widespread metal shaping process in mechanical manufacturing industry. Machining operations such as turning, milling, boring, drilling and shaping, waste a large amount of raw material as well as time, and consume a large amount of money annually [8] . Out of these machining processes, turning remains the most important operation used to shape metals because in turning, the conditions of operation are varied. Increasing productivity and reducing manufacturing cost have always been critical to successful business [9] . In turning, higher values of cutting parameters offer opportunities for increasing productivity but it also involves a greater risk of deterioration in surface quality and tool life [8] , [10] - [13] . Optimal combinations of turning parameters are required to obtain the best surface on the work pieces. The basic turning parameters in deciding the quality of the turbine shafts are speed (V), feed (f) and depth of cut (a). Other factors which influence manufacturability include tool geometry and materials. All the cutting parameters would come under design parameter X3DP9 [6] . The methodology is applied in evaluation of turbine blade materials for CNC turning. In this, geometry was maintained constant for turning of all the three materials. The optimal combination of the basic parameters obtained using central composite design (CCD) method, a variant of design of experiment, and the values were substituted here to obtain the DFM index of each material. The DFM permanent matrix was defined as: DFM= 12 
where V=speed, f=feed, and a=depth of cut, and e ij represents the interaction between these parameters. The units and dimensions of the diagonal elements in DFM were different for different parameters. To make them non-dimensional numbers, individual parameters were divided with the maximum value considered in the experiment. For example, in all the experiments, the maximum speed considered was 209 m/min, so the non-dimensional velocity component for the material 1 was V1/209. The interactions between different cutting parameters were obtained from the experiments conducted [14] . To bring the interaction values into a single range, all the values were normalized. In the experimental results, the interactions obtained were symmetric about the diagonal i.e. e ij =e ji . The optimum parameter combination to obtain maximum surface quality for the materials [15] and the normalized values are listed in Table I . 
A high value of the index indicates that a particular material is highly suited for a manufacturing process.
B. Design for Quality (DFQ)
Surface finish of a turbine blade is an important parameter in the turning process. It is a characteristic that could influence the performance of the finished product and production costs. Various failures, sometimes catastrophic, leading to high costs have been attributed to the surface finish of the components in question [11] . Also cutting forces are critically important in turning operations because cutting force correlate strongly with cutting performance such as surface accuracy, tool wear, tool breakage, cutting temperature, self-excited and forced vibrations, etc. The resultant cutting force is generally resolved into three components, namely, feed force, cutting force and thrust force. In this case the dimensional accuracy (X8DP5) of turned steel depends on factors like surface finish (Ra) cutting force (fc), thrust force (f T ) and tool wear (TW). Hence, these four parameters were considered under the x-ability DFQ. The DFQ permanent matrix was written as below: 
The parameters considered under DFQ are the responses; hence it is not possible to find the interactions using DOE. Each interaction was thus assigned with either 1 or 0 depending on whether the interaction existed or not. The value of R a depends on the f c , f T , and T w , so the interaction between them (e 12 , e 13 and e 14 ) was taken as 1. The cutting forces are independent of each other, hence interaction between them (e 23 ) was considered as 0. The tool wear depends on the rest of three factors, so these interactions (e 14 , e 24 and e 34 ) were considered as 1. In the permanent DFQ matrix, it was assumed that interactions are symmetric about the diagonal i.e. e ij =e ji . The DFQ indices for different materials were calculated as follows: 
All the diagonal elements of DFQ were found to have a negative effect on the quality of the turned product. Hence, the higher the values of DFQ index, the lower the quality of turned work piece.
C. Design for Environment (DFE)
As the importance of minimizing the environmental burden of each process is becoming more and more evident and essential, it is imperative that these effects be considered during the design phase. The basic parameters effecting the environment include machine tool electricity power consumption (PC), the material removal rate (MRR) and the coolant consumption.
The power consumption of a machine tool for a turning operation depends on different motors like servo motor, spindle motor, spindle coolant circulating motor, coolant pump, chip conveyer, auto tool changing motor, tool magazine, and machine tool standby power consumption. The power consumption of peripheral devices for this operation is measured using the operation duration time and the power rating of particular device in kWh.
In case of water-miscible cutting fluid, water is generally used to enhance the performance and is circulated in machine tools by coolant pumps until replaced. During this period, some coolants are eliminated by adhering to metal chips and extra coolant is supplied to compensate this. The reduction in dilution fluid (water) due to vapor must also be considered [12] in estimating total coolant.
The amount of material removed is equal to amount of raw material wasted. A lot of resources are wasted in preparing the raw material billets like furnaces used for processing raw material, transportation cost, inventory cost, etc. The removed chip wastes energy by carrying the lubricant, heat (proportional to electricity), tool wear, build up edge, etc. Hence, the MRR is considered as one of the parameter in calculating the DFE index. The permanent matrix of DFE was written as follows: 
In the above expression MRR=material removal rate cm 3 /min, PC=Power consumption kWh, and CC=coolant consumption in CC. All the diagonal elements were normalized to make them units free and also to bring them in a common scale. In the off-diagonal elements, the MRR interacted with PC and CC (increase in MRR will increase PC and CC), therefore the value considered for this interaction was 1. There will be no direct interaction between PC and CC so this interaction value was considered as 0. The DFE index for the given materials were calculated as follows: 
All diagonal elements of the DFE have a negative effect on the environment. Hence, the higher the values of DFE index, the greater the impact on the environment.
D. Design for Cost (DFC)
Cost is an important criterion in production of a turbine blade. Therefore, it is required to consider different costs at the design phase. The non-dimensional cost components taken into consideration for development of DFC matrix were:
• Raw material cost ratio (
The material costs were obtained from vendors/supplier of the material, while the other costs could be estimated by the manufacturer by taking into account factors like machine utilization cost, machines capability to produce number of components over its useful life, cost of operating the CNC lathe, overall labor charges, etc. In the present analysis, the overhead cost and profits have not been considered.
The work reported in the literature indicates that near net shaped casting is the best alternative for the machining of these steels. Hence, the cost of near net shaped casting was taken as the benchmarking cost for production of turbine blade. The relative cost ratio was obtained by dividing the total cost of benchmarked product by individual cost component of the product. It should be noted that cost components were calculated per unit/product basis. It was evident that individual cost components C R , C T , C P and C L were maximized when the individual cost components were minimized. This corroborates the idea that minimizing the cost components leading to minimizing the total cost. The costs of different materials are presented in Table II. 
1) Raw material cost ratio (C R )
The raw material cost ratio is based on the mass of the final turbine blade multiplied by the factor 1.5 [13] . This factor accounts for wastage of material in the machining. The cost of the steel was taken from the vendors based on the prices of the steel on the day of study. The cost ratio of raw material is defined as:
Total cost of near net shaped product Cost of the raw material
2) Tooling cost ratio (C T )
The tooling cost of a turbine blade includes the partial cost of the tool insert used in turning, partial cost of finishing tool, and the partial cost of milling tool if any used in the process. The term partial cost indicates that if the tool insert is used for ten work pieces and the cost of each insert is INR 100, then partial cost of the tool insert is INR 10 for each work piece. The tooling cost ratio is defined as Total cost of near net shaped product Cost of the tooling
3) Processing cost ratio (C P )
The processing cost of a turbine blade includes cost of the auxiliary processes applied on the product. For example, heat treatment of the product, die penetration test for finding out the surface defects, etc. The power consumption for each work piece is also counted in this cost. The processing cost ratio is defined as follows Total cost of near net shaped product Cost of the processing
4) Labor cost ratio (C L )
The labor cost is assumed as 20% of the processing cost per component. With increase in the number of auxiliary processes the labor cost also increases. The labor cost ratio is defined as Total cost of near net shaped product Cost of the Labor
After calculating the cost ratios from the equations (13) to (16), the values were substituted in the design for cost matrix defined as follows: 
In this matrix diagonal elements represents the cost ratios of each material and off-diagonal elements represent the interactions between the costs. As the cost ratios are independent of each other, the values of eij are substituted as zeroes. The DFC matrix for each material is defined as follows: All the diagonal elements of DFC matrix were larger-the-better parameters. Hence, it could be concluded that DFC should be maximized for the production of best turbine blade at optimal cost.
E. Design for X (DFX)
The calculated indices of different x-abilities namely DFM, DFQ, DFE and DFC were substituted in the overall DFX matrix to obtain the CDI. In substituting the values of DFQ and DFE, the reciprocals were used in order to minimizing the effects. The DFX matrix is defined as
The permanent function of the DFX matrix would yield a single index called concurrent design index (CDI). Table III shows the different design indices values and the CDI in the last column. 
F. Results and Discussion
The CDI considered for each material was a contribution of separate design parameters. A high value of the CDI would indicate a better choice of material for the CNC machining of turbine blade. In the overall ST 12TE obtained, the highest CDI equaled 51.12. For the individual indices, ST 12TE had the highest indices for DFM, DFE and DFC. The material ST17-4PH had highest index for the quality. This can be attributed to high surface finish for the specified combination of cutting parameters, and low cutting and thrust forces. Otherwise, ST17-PH was found to be a harder material to machine than the others. Material ST T17/13W had the lowest value of DFX as compared to others. This material had the lowest surface finish at the highest speed as compared to the other materials. In general at higher speed the surface finish would be higher due to large amount of material removal rate. The lower DFX index of this material could also be attributed to consistently lower values of DFM and DFC and higher values of DFE and DFQ.
III. MADM BASED EVALUATION
In this section the methodology derived in the previous communication (Kiran et al., 2011b) was applied in the selection of turbine blade material for CNC turning process. The manufacturer would like to select the most suitable material for turning of a turbine blade, based on the multiple attributes, while considering all pertinent attributes simultaneously. In DFX based evaluation the interaction between the parameters are considered as the off-diagonal elements. It is also important to consider the relative importance of attributes. In the MADM approach the evaluation and selection is done based on the attributes and their relative importance.
A. Stage 1-Elimination Search
In order to reduce a huge list of materials to a manageable number, only steels available in the inventory were considered. These materials were filtered to a manageable number by machining at the following conditions and retaining only those materials that had surface roughness less than 5.5 µm. 1) Speed = 75 m/min 2) Feed = 100 mm/min 3) Depth of cut = 0.5 mm 4) Coolant should be present 5) Tool insert is CNMG 120408MN 6) Machined length of the work piece is 30 mm 7) Minimum Chromium percentage 15%
Following the elimination search, the few alternatives that remained were further evaluated. Before proceeding for TOPSIS, the pertinent attributes for the selection process are listed in Table IV. The pertinent attributes are average surface roughness (R a ) in micrometer, cutting and thrust forces F c , F t in N, power consumption (PC) in Watts, material removal rate (MRR) in cm 3 /s, and tool cost in Indian rupees.
B. Stage 2-TOPSIS Based Evaluation and Selection Procedure 1) Decision matrix
The decision matrix for the alternative materials was formulated from the Table IV and is given in matrix form as follows. 
2) Normalized matrix
Each element of the matrix was processed to obtain a normalized matrix R. 
In the above matrix the values of attributes are reduced to uniform scale ranges from 0 to 1.
3) Relative importance matrix
The relative importance matrix A for this application was derived and is as follows: 
In the above expression diagonally symmetric values were taken reciprocal to each other. Based on the importance of one attribute over the other, the values of off-diagonal elements were assigned. For example, element a 14 was assigned a value 1.5. This means that the first attribute is 1.5 times important than the fourth attribute. The diagonally opposite element i.e. a 21 was assigned reciprocal of a 12 , 0.67. Similarly, other values were also assigned.
 Weight vector: The Eigen spectrum of relative importance matrix A was determined based on the equation (24) 
Solving the equation (25) 
Calculating weights for each attributes using the equation (26) 
3) Relative closeness to positive benchmark indices The relative closeness to positive benchmark indices were calculated based on the equation discussed earlier communication (Kiran, 2011b 
This index is a measure of suitability of the material for a particular machining operation.
C. Stage 3-Ranking and Final Decision Making
The ranking was carried out based on the values of relative closeness to benchmark indices. The alternative with the highest value of C * was assigned the first rank and the lowest value was assigned the last rank. For the linear graph and spider plot, the lowest value was assigned the first rank. Ranking of all the six alternatives based on the three methods visually TOPSIS, line graph, and spider diagram are listed in Table V . A minor discrepancy was observed in the rankings as obtained by linear and spider plot and that obtained from the TOPSIS analysis. This may be attributed to the fact that in calculating the area below the linear and spider chart most of the attributes were smaller-the-better and one attribute was larger-the-better. The area under the larger-the-better attribute was maximum-the-better and area under smaller-the-better attribute is minimum-the-better, but the areas given in Table V do not distinguishing between these two.
All the three methods showed that the optimum material was ST 12TE based on the pertinent attributes and the relative importance matrix supplied by the customer. Though all the three methods showed almost similar ranking order, the TOPSIS method was found to be most accurate. This is because, in TOPSIS, the ranking ensures that the highest ranked alternative is closest to the ideal and farthest from the worst solution. Graphical methods ensure that the solution is closer to the ideal solution, but do not ensure that it is farthest from the worst solution. As compared with graphical methods, TOPSIS differentiates the larger-the-better and smaller-the-better attributes.
The first rank status of ST 12TE can be attributed to its low surface roughness which ensures high machinabilty, low cutting forces, low power consumption, high material removal rate and low total cost. The best suited material, ST 12TE, is an austenitic steel having high corrosion resistance and machinability. This result also corroborates with the ranking derived in Section II based on DFX. Hence, in this study, ST 12TE was identified and recommended as the best suited material for the turbine blade CNC turning application. 
IV. CONCLUSIONS
In this paper, x-abilities and attributes based comparison, evaluation and selection of turbine blade material for CNC turning is presented. Four x-abilities viz. DFM, DFQ, DFE and DFC were simultaneously considered in the evaluation. The CDI obtained from this evaluation proved that ST 12TE was the more suitable material for machining of turbine blades and the next one was ST 174-PH and then ST T17/13W. Though several other design parameters were also considered, the DFX based results showed that ST 12TE was the most suitable material among those considered. This could be attributed to lower surface roughness, less cutting and thrust forces, low machining costs and less environmental impact. The DFX methodology thus allows the users/designers to analyze the different parameters impartially and arrive at an unbiased conclusion.
From the MADM results, it was found that ST 12TE obtained the highest C i * index value of 0.6989. This implied that this alternative had the optimal surface finish, cutting and thrust forces, power consumption, and tool cost as compared to the others tested. The material ST 12TE was found to be the best ranked material among the five materials tested, using MADM-TOPSIS also. Hence, this material was identified as the recommended material for the CNC turning process.
